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(54) Tunable liquid microiens 

(57) A tunat>le liquid microiens (1 00) Includes an in- 
sulating layer (104). a droplet of a transparent conduct- 
ing liquid (1 02) disposed on a first surface of ttie insu- 
lating layer and a pluraGty of electrodes (106) insulated 
from the dropl^ by the Insulating layer (104). The plu- 



rality of electrodes are disposed such that tliey nnay be 
selectlveiy biased to create a respective voltage poterv 
tial K)etween the droplet and eadi of the plurafity of elec- 
trodes, whereby a contact angle (0) between the droplet 
and the first siFbce Is rarfable and the droplet may be 
repositioned along the first surfeoe. 
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Description 

FIELD OF THE INVENTION 

9 ipool] The present invention relates to microlenses. and more particularly to liquid rrtoolenses. 
DESCRIPTION OF THE RELATED ART 

[0002] Most tunable nrttcrolenrcs are ^th^ gradient index (GRIN) lenses wflti the refraction index oontroll^ eleo- 

10 tn»tBtically or flexible potymeric lenses with the shape controDed mechantcalty. Both technologies have inh^ent lim- 
itations tfiat impose severe iwtilcii o ns on the perfbrrrance of these existing tunat>le microlenses. 

[0003] Tunable gradient Index lenses fwm inherent limitations associated with the relatively small electro-optic co- 
efficients fbuTKl in the majority of electro-optic materfals. This residts In a smsdl optical path modulalion aid, thefelbre, 
requires thick ler^es or v^ r^h voltages to be employed. In addition, many elecbOK»ptic materials show strong 
15 birefringOToe tliat causes polarization dependence of tfie microlens properties. 

[0004] Mechanically acQustable flexible lenses typically have a substantially «rider range of tunat^lity than the gradient 
ind©c lerees. However, Ihey require extemal actuation d^^ices, such as micnopumps. to operate. Microlntegration of 
such devices invoh^ substantial prot>iems, espedaDy severe in the case where a twoKfimensional array of turat}le 
microlenses is required. 

20 [0005] Attempts have also been made to use other tec^violocpes te produce tunable microlenses, such » liqvM 
microlenses oonlrolled through self assented monolayers (SAMs). Some of these attempts are described in U.S. 
Patent No. 6,01 4,269 to Wohfs^^, issued January 1 1 , 2000. Itie entirety of which is hereby mcorporated by r^erence 
herein. Microlenses utilizing self asserrMed monolayers, however, also suffer from several problems. Including severe 
lirr^tations on material selection and strong hysteresis leading to the failure of tiie microlens to return to an original 

25 shape after a tuning voltage is disconnected. Additionally, none of the above-described nricrolenses aDow for txitii lens 
position acQustment and focal length tuning. 

SUMMARY OF THE INVENTION 

30 [OOOq A tunable liquid nuc^olens includes an insulating layer, e droplet of a transparent conducting liquid disposed 
on a first surface of the insulatbfig layer and a plurality of electrodes Insulated from the droplet Isy the Insulating layer. 
TTie plurality of electrodes are disposed such that they may be seledhfely biased to create a respective voltage poterttiai 
b^wew the droplet and each of the plurality of electrodes, whereby a contact angle b^ween the droplet ar^ the first 
surface is variable and the droplet may be repositioned along the first surface. Note that by transparent ft fe meant 

35 transparent at the Bght frequency of interest, which may or may not be visible. 

[0007] The tunable liquid nwralens allows for both lens position adjustment and focal length tuning. In addWon. the 
tunable liquid microlens provides greater lireedom in mafeeriai selection. 

BRIEF DESCRIPTION OF THE DRAWINGS 

40 

[OOOq The accompanying drawings lOustrate preferred embodiments of the invention, as well as other information 
pertinent to tiie disclosure, in which: 

RG. 1A Is a {fiagrammatic representation of Bght waves passing through a liquid microlens; 
45 RQ. IB Is a diagrammatic representation of the electrow^ng phenomena; 

RG. 2A is a diagrammatic representation of a tunat>le llquki microlens of the present inverttion; 
RG. 2B Illustrates one exemplary ^ectrode pattern for a turmbte liquid microlens of the present invention; 
RGS. 202E IDistrate the reaction of the tunabte iiqiod microlens of the present invention to selected biasings of 
the electrodes of RG. 2B; 

00 RGS. 3A-C are diagrammatic representations of ^cemplary embodiments of a tunable liquid microlens according 

to the present invention; 

RG. 4 iOiretrates an optical system including a tunabte liquid microlens of the present invention; and 

RG. 6 is a (fiagram of an af^>aratu8 inciu<fir^ a pianar waveguide and a tunatde liquid microlens of the present 

Invention. 

55 

[OOOq It should be understood that the figures are included tor illustrative purposes and are not drawn to scale. 
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DETAILED DESCRIPTION 

[90101 Before the tunable liquid micffolera of the present invention is described in detail, a description of a liquid 
microlens generally and a description of tte electrowetting phenomera are first provided. 

[poll] Refening to FIG. 1A. a liquid microlens 10 Is shown. The microlens 10 Includes a small droplet 12 of a trans- 
parent liquid, such as water, typic^ly (tnit not neoessariiy) with a diameter from several mlcfometera to several ndlim- 
eters. The droplet 12 is disposed on a transparent subsbrate 14. The substrate Is typteally hydrophot>lc or includes a 
hydrophot>ic coating. The Squid and 8ut}strate need only be transparent to light waves having a wavelength within a 
selected range. Light waves are illustrated by reference numeral 16. Light waves pass tfvough WqxM micfolens 10 and 
focus at a focal point or focal spot (designated by refimnce numeral 18) in a focal plane that Is a focal distance T 
from the contact plane l>etween droplet 12 and substrate 14. 

[0012] The contact angle "0" between the droplet 12 and the substrate 14 is determined by interfadal tensions 
generally measured in mQII-Newtons per meter (mN/m). As used herein, is the Interfadal tension between the 
sut)strate an6 the air, gas or other liquid that surrounds the substrate 14, t^v ^ Interfadal tersion li^etween tiie 
droplet 12 amJ the air, gas or other Gquid that surrounds the droplet 12, and Is the interfadal tension between the 
substrate 14 artd the droplet 12. The contact angle 0 may be determined from equation (1): 



Equation (1) cos 0 = ^^^^^^ 

The radius "R" In meters of the surface cunrature of droplet 12 is determined by the contact angle 8 and the droplet 
volume in cut>ic meters (m^ according to equation (2) as follows: 



Equation(2) R^ = SVolume 

x(1 -oose)(2-cos 0-CO8 8) 

The focal length in meters Is a function of the radius R and the refractive Incfices "n", where nuq^^ refracflve 
ind^ of the droplet 12 and ny^p. Is the refractive index of the air. gas or other liquid that surrounds the droplet 12. 
The focal length f may be determined from equation (3): 



Equation (3) f=- ^- 

TTie refractive ind^ of the sut>strate Is not Important because of the parallel entry and exit fdanes for the light waives. 
The focal ler^fth of the mlcrol^is 10, therefore. Is a function of the contact angle 8. 

[0013] H6. IB demonstrates that the phenomena of electrowetting may be used to rsversit>ly change the contact 
angte 0 between a droplet 22 of a conducting liquid (wMch may or may not be transparent) and a dieleclrto insulating 
layer 24 teving a thickness designated as "d" and a dielectric constant 6,. An electrode, such as metal electrode 26, 
is positioned below the dielectric layer 24 and is insulated from the droplet 22 t>y layer 24. The droplet 22 may t>e, for 
example, a water dropl^. and the sutistrBte 24 may be, for example, a IMon/Parylene surface. 
[001 41 When no voltage difference is present between the droplet 22 and the electrode 26. the droplet 22 rr^Mains 
a shape defined by the volume of thedropl^ 22 and corrtact angle Oi, wheraOi isd^em^ed by tfie interfadal tensions 
jss explained at)ove. The dashed line 28 lllietrates that the tfie droplet 22 spresKis ^ually across layer 24 ftom its 
central position relative to electrode 26 when a voltage is applied between electrode 26 and droplet 22. The voltage 
may range Ikom several volts to several hundred volts. Spedflcally. the contact angle 8 decreases from to6^wtien 
the voltage is appli^, re^rdless of polarity, iTetween electrode 26 and the droplet 22. The amount of spieacfing, Le., 
as determined by the difference between and 82, is a function of the applied voltage V. The contad angte 82 can be 
d^errrtfned lh>m equation (4): 



Equation(4) 0O58tV) = cos8(V=0) + ^-^ V^. 

whens COS 0 (V=0} is the contad angte between the insulating layer 24 and the droplet 22 when no voltage is applied 
betwem the droplet 22 and electrode 26, iny is the droptet intertectel tension described above, is ttie dielectric 
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constant of the Insulating layer, and is 8.85 X IQ-" F/m - the pemiitliwity of a vacuum 
''^"^•^J^T^ ''^"'^ 

TO de«gibed hereaQer. Reterring lb FIG. 2A specifically, a tunable liquid microlens 100 includes a droplet 102 of a 
h^case.t»«insidafir«layer104 should pfo^ 

«"PP°^"9 supports the electiodea 108 and insulaling layer 104. Theelec 

supporting substrate 110 may be. lor example. goM and glasa. lespective^ 
^!«? JZ' . l!.*"^ plan view of an exemplaty configuration Ibr the electrodes 106a-1 06d. Although one confia- 
;:!S:i2l!l'^'*^Jf^'°" h, shown, other numbers, combinations and patterns of el^^lTOrSJ^ 
ubiized d^ding upon the desired level of oontroi over the tuning of the microlens 100. Each electrode 108a.108d 
^ ns^ecBve voltage V,.V4 and droplet 102. which Is centeied imtiaOy retoHve to the electrodes 106 is 
coupled to a droplet electrode 108. which Is ooupled to a voHageVb «" «B«ro<ie8 loo, » 

T-IJ^-v^ ^J^JH^,^!^ "^"^ and any of the electrodes 106 0.e-. 

iA, *" ^^"^ ^ *°Plet IS centered relative to the electrodes 108 and quadrants I through IV. the droplet 

IZ^^'^ as deteirnlned by contact angle e and the volume of droplet 102 in acconlance with equaOwn 

r??nS^^!^^!!^ ^ I""^'^ """^ with a dashed line. The po8raonX)plet 

^^^^^J^"S^^"!^1r ^"^"^ ^PP^a a voltage poliSlbetween?« 

t^t^.^ the etedrodee 106. If equal voltages are applied to all four electrodes. I.e.. V, =V^Vy^V.^Vo. then 

, ""^^^ '"' ^ along lateral axes X aS ^ as shownbj 

.ni^^Hl"?J!ff "'^ P«««on'ng <rf *a duplet 102alcngtheXandYaxescanalsobe changed 

relative to the mitial location of the droplet 102 on the lirst surface of insulating layer 104 by seleeflvelv Uasina^ 

r^t^^^^^^.^^!^""^ ^ *^ ""^"'^ "• By adjustIrS the 1^ 

SSSr ^ *^L'*:?S!* 102. «« Weml position of the focal spot of the microlens in the focal plane Is aiso«iusted 

there^ to modjajefocal length of the microlens 100. Ukewfee. the etedrodes 106 cTbe selectlvS^l3ln^ 

votege lev^. Microlens 100a may Include a supporting substrate 110a wMch includes a coiductlve glass, 

RG. 3A also ni»ire^ that the Insulating dieledrtc layer 104 may include a dielectric layer 114 and a hyAophobio 

SS^5'!li^^-S!*'"^ "fXr P™^* » ^""^ "ah contact angle 0. One exanvteVaS 

Teflon or other material with chemical structure similar to Tfellon. S3aL «SS 
'S^SS.^a^^r^^'Sri^^ appropriate. In one embodlmert. IraulatlngSS 

Izi^JTr^ ^^^^^^^^^^^^^^ 

In analtemafive embedment of a microlens 100B shown in the isometric view of HQ. 3B. <koplet elecbode 

S ^^^r^?^^'^'''^!^!.^!:^ ttiatensures that the electrode 116 malrtelnsconlact w«, theJro^ 
1M changes posrtion along the first surface of the Insulating layer 104. Although the electr^ 

lll^SS^^'^J:^'*::^^^ changes posltiXS dropwSte 

sbatel 10a tfttil need not be conductive and may be. for example. noTK^^ 

toavott«pVb^\terna^ 

3B are electrodes 108a-l06d and their respective power leads 118a-ll8d which are coupled to voltages V,.V4. re- 
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spectivety. Although an insulating layer 104 i$ not shown in RG. 3B, this isfbriliustrative purposesonfy. and an insulating 
layer 104 insulates the <froplet 102 and electrode 116 from electrodes 106a-106d. 

PI022] FIG. 3C Olustrates an exerrplary embodiment of a tunable liquid microlens 100C where no electrode 116 is 
required, thereby r^udng any potential interference with the microlens from electrode 116. Mlcrol^is 100C irtdudes 

0 droplet 102 disposed on a first surface of an insulating layer 104b. Microlens 100C also deludes a tran^>arent con- 
ductive supporting layer 11 Oa which serves as a droplet electrode dl^>osed along a second surfjoce of Insulating layer 
104b opposite the first surface of insulating layer 104b. Microlens 100C is shown in cross-section to Diustrate that 
insulating layer 104b Includes w aperture 118 defbied by the insulating layer 104b and continuing there through. The 
droplet 102 occupies at least a part of the aperture 118, theretiy pladrig the droplet 102 In electrteai commurtfcatlon 

to with the droplet electrode, i.e.. supporting substrate 110a. The supportirig substrate 110a is then coupled to a voltage 
Vo. In this exemplary embodiment, the Insulating layer 104b also does no! have to be transparent as long as the 
aperture is wide enough so that the light that penetrates through the aperture is suffRcient for the particular application. 
[0023] The liquid droplet may be any liquid which to transparent to the desired wavelength and which is Inlrinsicaiiy 
conductive or which can be made conductive, such as through the use of various additive. Typical examples includes 

'5 aqueous solutions of various salts. The electrodes may k}e any solid conductive rrmteriate, which may or may not be 
transparent, such as gold, aluminum, or Indium tin oxide glass. The Insulating layer may t>e any solid dielectric or a 
set of solid dielectrics that provkie high enough dlel^:tric strength artd predefined values of contact engle and contact 
angle hysteresis. The insulating layer may or may not t>e transparent Examples include solid polymers, such as poiy- 
Imide and parylene. TTie supporting substrate may be any substrate that Is transparent to a given wavelength, such 

20 as glass or a solid polymer. The applied voltages deperrd upon the selected materials, the layout of the microlens, and 
the desired change In the contact angle, as guided by the above eqi»tlons (1H4)- Typical voltages may vary between 
0 volts and approximately 200 volts, although the acceptable voltages are not limited to this range. 
[0024] In one emlxxjiment, the iiqiAd droplet of the microlens may be substantiany encompnsed tsy a Dquid that Is 
immiscible with the dro|3let The surrounding liquid may help to prevent the microlens droplet from evaponating. When 

25 the droplet Is water t}ased, rarious oils or high molecular weight alcohols (e.g., pentand, octand, eta) may 1^ used. 
[002S] The microlens 100C of RG. 3C was tested. The microlens included a droplet 102 including 20 |J of 0.01 
aqueous KNO3 solutton. The insulating layer 104b included a 3 fim thick polylnmde layer coated with a very thin 
0.02 pim) layer of a highly fiuorinated polymer that provided an initial contact angle of approximately 1 09^ . A set of four 
gold electrodes 106 were arranged as shown in RGS. 2B and 3C. The microlens included an ITO (Indium tin oxide) 

^ glass plate a conductive transparent S(4>porting substrate 110a shown In FIG. 3G. Operating voltages between OV 
and approximately 150V were applied. 

[0026] A reversible adjustment of the focal length of the microlens within the range between 6 mm and 8 mm wn 
demonstrated. Also, an a<9ustment of a rmcrolens position within a range of about 3 mm in any lateral direction along 
the surface of the insulating layer was demonstrated. It should be understood that the obtained results do not represent 
^ the limits of the mtoroiens, but rather serve to Indtoate that a tunable liquid microlens may be fabricated which can vary 
both focal distance length and focal spot position. 

[0027] Fromtt»atx>ve.lt8houidbeapparentthatthedescribedmlcroi^i8rTiaybeded9iedtoh£^ 

angle 0 when there Is no voltage diftorence between the droplet and the electrodes 106 and a desired contact angle 

hysteresis. This may be achieved by selecting appropriate materials, cSmensions, and volumes as guided by the equa- 

40 Hons set forth above. The micnolens ther^bre allows substantial freedom in both dropl^ curvature and position contrDi, 
therelyy leading to a wide range of tunat>flity in ttre microlens, focal length, focal spot position, and nimierical aperture. 
[002q One of orcfinary skiii should realize that the microlens of the present invention may l)e utilized in several 
optoelectronic applications. For example, the microlens may be used to achieve optirrmi coupling t>etween an optical 
atonal transmitter 204, such as a laser, and an optical signal receiver 202, such as a photodetector. This Is iHustrated 

49 In HG. 4. It should t>e understood It'om Fl 6. 4 that the optical signal from transmitter 204 Is diverging and will be focused 
behind the focal plane 206. The lens focal distarK:e and latmi positioning of the focal spot 208 wItMn focal plane 206 
of tlie microiens 100 may be adjusted as described above by selectively l>lasing the plurall^ of electrodes 106 to 
achieve this optimal coupling. The biasing electrodes can be seiectlveiy biased until the highest power Is detected at 
receiver 202 - representing the optimal coupling between transmitter 204 and receiver 202. Ojrrently, optoelectronic 
packages, i.e., physical apparatuses Incorporating optoelectnonlc components such as lasers and/ or photodetectors, 
are calibrated tiy physicaDy moving component parts to achieve optimal coupling. This process can be stow and quite 
expensive. By including at least one microlens of the present Invention in the apparatus, the need to physically align 
componeri parte to achieve optimal coupling is eliminated. Rather, the focal length and lateral position of the focal 
^X3t of the microlens of the present Invention may k>a adjusted to redirect an optical signal from a transmitter to a fbced 

S5 receiver. 

In another exemplary application illustrated In RG. 5, a microlens 100, or pluralHy of microienses of the present 
Inventton, is utilized to couple an optoelectronic component, wch as a photodetector 606 that Is surface mounted 
through a ball grid array 512 on a printed circuit board 600, with an emt>edded planar waveguide 504. Light propagates 
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through a cotb 502 of plarar waveguide 504 as IrKficated by the dinectior^ arrows. The Oghi reflected by a mirror 
edge 508 towards a top surface 510 of the printed circuit board 500. A turmble liquid microlens 100 is di^)osed on the 
top surface 510 of the prirrted circuit board 500 and directs the light 502 toward phc^od^edor 506 In the direction 
shown. The electnxtes of the tunable liquid microlens 100 may be selectively biased to adjiat the focal length and 
lateral focal spot po^tbn of the microlera 100 In order to tune the micTDlens 100 to o|rtimiz8 the transmission of the 
light from the planar waveguide 504 to the photodetector 506. The shape of the rr 
cation of the appropriate voltage. 

[0030] Although the invention has been described in terms of «cemplary embodiments, it is not llrrdted thereto. Rather, 
the appmded ctefims should t>e cor^trued broadly to mdude other variants and embocfim^its of the Inv^rtion which 
rray be made t^y those skilled in the art without departing from the scope and range of equivalents of the invention. 



Claims 

1. A tunable iiqi^ microlens, oompri^ng: 

an irtsulating layer; 

a droplet of a transparent conducting liquid cOsposed on a first surface of said insulating layer; and 
a plurality of ^«:trodes Insulated from said dropl^ t>y said insulatffig layer, 

sski plurality of electrcKies being disposed such that they may be selectively biased to create a respective 
voltage po^itial between said droplet and each of said plurallV of electrodes. 

whereby a contact angle t)etween said droplet and said first surliace is variable and said dropl^ may t)e repo- 
sitioned alortg said first surface. 

2. The tur^e llqind microlens of daim 1 . lurther oomprfslng a droplet electrode for biasing said droplet with respect 
to said plurality of electrodes. 

3. The tunatte liquid microiens of daim 2, wherein said droplet etedrode Indudes a conductive transparent substrate 
disposed along a second surface of said insulating layer, said second surface being opposite sdd first surface, 
said insulating layer defir^ng an aperture through said insu^ng layer whereby said dropirt at least partly occupies 
said aperture and Is in electrical convnuniGatlon with said droplet electrode. 

4. The tonabte liquid microlens of daim 2. wfierein saW dropl^ electrode comprises: 

a conductive lead aflbced to said first surface of said Insulating teiyer and co n t a c ti ng said dropl^; and 
' a conductive trartsparent substrate disposed along a second suifsce of said insulating layer, said seoortd 
surface being opposite said first surface, said conductive lead coupling said droplet to said oonducflve trans- 
parent substrate. 

5. The tunable liquid microlens of daim 1 . wherein said droplet is substantiaDy encompassed by a liquid tliat is im- 
ndsdbte with said dropl^, sadd liquid protecting said dropii^ f^ evaporation. 

6u An apparatus, Induding: 

a transmitter, ssdd transmitter providing an optical signal; 
a recover, ^d receiver receiving said opticad sl^al; and 

a tunabto Bquld microlens disposed to dired said optical signal from saM transmitter to said receiver, said 
tunable BquM microlens comprising: 

aninsidating layer; 

a droplet of a transparent conducting fiquid disposed on a first surface of said Insulaling layer; and 
a plurality of electrodes Insulated from saM droplet by said Insulating layer. 

said plurality of electrodes being cfisposed such that they may t>e selectively biased to create a respective 
vott^ poterit^ between said droptet and each of s^ phiraOty of etectrodes, 

whereby a contad angle t>etween said droplet and said first surface is variat>te and said dropl^ may be 
reposition^ along said first surface, 

whereby a focal length and a lateral position of a focal spot of seM microlens are adjusted to dired said 
optical signal fnm said transmitter to said receiver. 
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7. A method of transmitting an optiGal signal, oomprfsing the steps of: 

directing said opQcai signal from a first location towards a liquid microlens, said liquid microiens Including a 
droplet of a transparent conducting liquid deposed on a first surface of an insulating layer; and 
tuning said Rquld microlens to redirect said optical signal, said tuning step comprising the steps of: 

selectively t>lasing a pturailty of electrodes insulated from said droplet tiy said insulating layer to create a 
respective voltage potentiai t>etween said droplet and each of said plurality of electrodes. 

8. The method of dalm 7, wherein said step of selectively biasing includes the step of selectively biasing said plurality 
of electrodes to vary a contact angle l>etween sM droplet and said first surface, 

whereby a focal length of said liquid microlens is ad^jsled. 

9. The mettled of dalm 7, wtier^n said step of selectively biasing Includes the step of seiectlveiy biasing said plurality 
of electrodes to repoeltion said droplet along said first »jrface, 

whereby a lateral position of a focal spot of said liquid microlens is mijusted. 

10. The method of claim 7. wherein said step of selectively t)laslng Includes the the following steps: 

selectlvety basing said plurafity of electrodes to rary a contact angle b^ween said droplet and said first surface, 
wtieretTy a focal length of said tunat>le liquid microlens is adjusted, and 
selectlvety biasing ^dd plurality of electroctes to reposition ^d droplet along said first surface, 
wt^refay a lateral position of a focal spot of said Bquid microlens is adjusted. 
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FIG. 1A 




FIG. IB 
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FIG, 2B 
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FIG, 2C 
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FIG. 4 
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